Brown spot, caused by the fungus Bipolaris oryzae, is one of the most prevalent fungal diseases of rice and significantly reduces the yield and milling quality of grain (Datnoff et al. 1991) . Brown spot symptoms initially appear as small circular to oval spots on the first seedling leaves if the planted seeds are diseased (seed-borne). The fungus can also survive on infected rice straw and stubble. It spreads from plant to plant in the field by spores (air-borne). Leaf spots are observed throughout the growing season and typical leaf spots are oval and relatively uniform. Brown spots can appear on the coleoptile, stem, leaf and panicle branches. Infection occurring directly on the kernels will significantly reduce grain yield and quality. For further details of the disease symptoms, visit the web site of the University of Florida (http://edis.ifas.ufl.edu.). Brown spot generally becomes severe when rice is grown on silicon-deficient soils, such as organic Histosol (Datnoff et al. 1991 , Deren et al. 1994 . Yield losses due to brown spot have been estimated to range between 16 to 43% for Histosol in Florida (Datnoff et al. 1991) . Although the application of fungicide and silicon supplements has reduced the severity of the disease and increased the growth and yield of rice (Deren et al. 1994) , breeding resistant varieties to brown spot may be a costeffective alternative choice for disease control (Yoshii and Matsumoto 1951, Deren et al. 1994) .
Several studies have been made on genotypic variability in rice for brown spot resistance (Yoshii and Matsumoto 1951 , Oohata and Kubo 1974 , Deren et al. 1994 . In those studies, some rice varieties, e.g., Tadukan and Tetep, offered sufficient quantitative resistance to brown spot and are agriculturally useful (Oohata and Kubo 1974) . No major genes conferring immunity to brown spot have been identified because of the absence of physiologic strains of the fungus (Sreegharan and Menon 1974) . Despite the usefulness of partially resistant varieties, no study has tried to identify resistant genes and to introduce them into regionally adopted varieties, because it has been presumed that the inheritance of resistance is oligogenic or polygenic (Hashioka 1950) . The development of DNA-based markers in rice provides a powerful tool for the dissection of quantitative traits, including brown spot resistance. In the present study, the objective was to identify quantitative trait loci (QTLs) associated with brown spot resistance in one of the resistant varieties, Tadukan, in order to facilitate marker-assisted selection (MAS) to improve brown spot resistance in rice.
Plant materials and fungal strain
A total of 110 F 5 lines derived from crosses between Tadukan and Hinohikari were developed from different F 2 plants by single seed descent. Tadukan is a native indica rice variety in the Philippines with a high level of resistance to brown spot (Yoshii and Matsumoto 1951, Ohata and Kubo 1974) , while Hinohikari is a susceptible japonica rice variety in Japan (Yamaguchi et al. 1992) . The Bipolaris oryzae strain, D6-2, maintained at the Laboratory of Plant Pathology in Shimane University, was used for inoculation. Inoculation, culture of mycelia and induction of conidiophore formation by black light lamp radiation were based on the methods of Kihara and Kumagai (1994) .
Evaluation of resistance to brown spot
The F 5 lines and their parents were grown in 58.6 × 28.4 × 3.0 cm trays filled with compost (Kureha Non-Fertilized Soil, KUREHA Co., Tokyo, Japan) inside a greenhouse of the National Institute of Crop Science, Tsukuba, Japan, during the winter of 2005. Thirty seeds from each entry were sown in a row, in trays containing 30 rows each. Soil was kept moist with water and, once a week, with nutrition solution containing 1 g l −1 (NH 4 ) 2 SO 4 . B. Oryzae was inoculated 18 days after sowing by spraying with 30-50 ml conidial suspension (1 × 10 5 conidia ml −1 ). Five days after inoculation, disease symptoms based on the affected leaf area were observed and scored from 0 (no incidence) to 9 (76-100%) according to a scale from the Standard Evaluation System (SES) for rice (International Rice Research Institute (IRRI) 2002 ). An average disease score of 3 replications per line was then used for QTL analysis.
There was a significant difference in brown spot resistance between parental varieties and the number of lesions appearing on leaves of Tadukan and Hinohikari was 61.9 and 127.8 cm −2 , respectively (Fig. 1) . Figure 2 shows the distribution of disease score in the parents and the F 5 population. In the disease score, significant difference was also observed between the parents, that is, 3.9 and 6.4 in Tadukan and Hinohikari, respectively. Thus, resistance to brown spot in Tadukan was superior to that in Hinohikari. In the F 5 population, the disease score ranged from 3.0 to 7.3, mainly around 5.7 or so, showing continuous variation. A certain number of lines were segregated transgressively over their parents, indicating disease score as a typical quantitative trait.
Map construction
Roughly 3 g of fresh leaf tissue from 30 plants per line were bulked for DNA extraction following the CTAB method (Murray and Thompson 1980) . A total of 195 polymorphic markers, including 188 simple sequence repeat (SSR) markers and 7 sequence tagged site (STS) markers, distributed on 12 rice chromosomes were used to construct a linkage map. SSR analysis was performed according to the protocol of Kono et al. (2000) with the following modification:
to detect polymorphism, the amplified product was separated on 3.5% Nuceve agarose gel (BMA Inc., Rockland, Maine, USA) at 200 V for 100 min. Primers for STS markers were synthesized according to the published primer sequences by the Rice Genome Project, Japan (http:// rgp.dna.affrc.go.jp/J/index.html). The PCR conditions used for STS markers were based on the method of Wu et al. (2002) . Polymorphism detection was the same as that for SSR markers. Linkage groups and the order of the markers were determined using a computer software package, MAPMAKER/EXP ver. 3.0 with the Haldane function (Lander et al. 1987) . For linkage analysis, our mapping population was handled as recombinant inbred lines (RILs), that is, the data for heterozygous genotypes at all genetic loci were omitted, since the computer programs could not handle such data during calculation. Thus, the 195 markers were mapped and yielded 12 linkage groups covering a total genetic distance of 963.7 cM providing partial linkage groups for all chromosomes.
QTL analysis
The presence of QTLs and their effects were calculated by interval mapping (IM) and composite interval mapping (CIM). The IM method was applied using MAPMAKER/ QTL software ver.1.1b (Lincoln et al. 1993) . Since the software did not have an option for RILs, the 'f2 backcross' mode was employed for this analysis. A minimum LOD value of 2.0 was selected to confirm the presence of a QTL in a given genomic region. On the other hand, CIM analysis was performed using Windows QTL Cartographer version 2.5 (Wang et al. 2006) . Five markers with the highest P-value (selected using forward-backward stepwise regression) were added as cofactors in the CIM procedure (model 6 with a Fig. 1 . Brown spot lesions appeared on rice leaves. Eighteen-day-old seedlings of 'Tadukan' (resistant) and 'Hinohikari' (Susceptible) were used for an inoculation assay. The B. Oryzae isolate D6-2 was used for inoculation. Seedlings were sprayed with 30-50 ml of spore suspension adjusted to 10 5 spores/ml. Five days after inoculation, leaves were detached and soaked in 70% ethanol solution to decolorize chlorophyll. This image was taken 8 days after treatment. The number of lesions appearing on leaves of Tadukan and Hinohikari were 61.9 and 127.8 cm −2 , respectively. Fig. 2 . Frequency distribution of disease scores for brown spot. F 5 lines derived by crossing Tadukan and Hinohikari and their parents were grown in a greenhouse at 28°C. Eighteen days after sowing, inoculation was conducted as described in the legend of Fig. 1 . Five days after inoculation, disease symptoms based on the affected leaf area were scored visually from 0 (no incidence) to 9 (76-100%).
window size of 10 cM). A significant threshold was determined using 1000 permutations and an LOD threshold of 2.9 was established. For rice brown spot resistance, three QTLs, that is, qBS2, qBS9 and qBS11, were detected ( Fig. 3 and Table 1 ). These QTLs were located on chromosomes 2, 9 and 11, respectively. The qBS9 and qBS11 could be detected by both IM and CIM analysis, while the peak of qBS2 could be detected by CIM analysis only. Among them, qBS11 with the highest LOD score in this study (LOD = 5.11 in CIM and 2.82 in IM) can be considered a major QTL related to brown spot resistance. The 'Tadukan' allele at this locus could reduce the disease score by 0.34 to 0.58, and the locus explained 11.9 to 15.3% of the total phenotypic variation in the F 5 population. The respective alleles of qBS9 from Tadukan could also explain 9.7 to 12.9% of the total phenotypic variation, while qBS2 from Hinohikari could account for 11.1% of the total phenotypic variation. To our knowledge, they are the first characterized resistant QTLs to brown spot in rice.
Little is known about the mechanisms responsible for partial resistance to brown spot. Among rice genotypes, some researchers have found a negative correlation between disease severity and silicon concentration in plant tissue (Datnoff et al. 1991 , Deren et al. 1994 ; however, others have found no significant correlation (Yoshii and Matsumoto 1951) . Deren et al. (1994) concluded that although an apparent relationship exists between silicon concentration and disease severity, other factors inherent in a genotype also influence disease response. Although the inoculation assay also revealed that one of the defense substances, quinone, was accumulated in and around the infected cells of Tadukan (Oohata and Kubo 1974) , most of the physiological mechanisms of resistance in Tadukan have not been elucidated.
In the present study, we identified 3 QTLs resistant to rice brown spot. In future works, we could use the SSR markers that were tightly linked to the 3 QTLs to promote the breeding process of rice brown spot resistance and to carry out map-based cloning of each QTL to elucidate the resistant mechanisms.
